The aging process appears to be a precursor to many age-related diseases,
Linking vascular function, O 2 delivery and utilization, and exercise intolerance with advancing age and heart failure A hallmark of the aging process and many age-related diseases, such as HF, is a fall in exercise capacity [1] [2] [3] . Importantly, limited blood flow and the subsequent fall in O 2 delivery to the active skeletal muscles has been implicated as a key factor that contributes to this functional decline [1] . With advancing age and HF, central and peripheral hemodynamic changes occur that can affect compliance in arteries and arterioles, arterial blood pressure, and ultimately alter the vascular response to exercise [2] . In the limited number of studies that have examined muscle blood flow in the legs during conventional cycle ergometry, aging was typically associated with a 20-30 % reduction in blood flow during submaximal work when compared to younger subjects [1, 4] . However, the cardiac output to oxygen consumption (VO 2 ) relationship appears to be well preserved in older subjects [5] . These data, coupled with previous work in the literature, suggest a possible mechanism for age-related attenuation in muscle blood flow could be the maldistribution of submaximal cardiac output.
During whole-body exercise, it is possible that due to free radically mediated vascular dysfunction in older subjects, blood is being directed inappropriately toward respiratory muscles and other viscera instead of toward the active muscle mass. However, when we minimized central limitations to maximal exercise capacity, by employing the isolated single-leg knee extensor (KE) model, the age-related attenuation in blood flow was still apparent [6] . This finding strongly suggests an age-related decline in peripheral vascular function [6] , though the exact mechanism behind this deficit was not unveiled. Again, free radicals and oxidative stress have been implicated in this peripheral vascular dysfunction as a redox imbalance may directly impact the function of the vascular endothelium [7] . There are two equally plausible, but starkly contrasting theories regarding free radicals and skeletal muscle blood flow: Free radicals have been proposed to both limit vasodilation and blood flow by reducing NO bioavailability [7] and increase blood flow and vasodilation via their direct vasoactive properties [8, 9] . Although there is evidence that free radicals are more prevalent with age [10] and HF [11, 12] , the role of free radicals in vascular function, O 2 delivery and utilization, and exercise intolerance in these populations is not well understood.
Vascular function with advancing age
Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the USA, and advancing age remains the primary risk factor in the development of CVD [13] . Though there are many factors that contribute to the age-related increase in CVD risk, vascular dysfunction has been identified as a key player in this process [14] . While this dysfunction may manifest at several points in the circulatory system, age-related changes in the vascular endothelium appear to be particularly detrimental in the progression toward age-related CVD. Once believed to be simply a physical barrier between the blood and arterial wall, the vascular endothelium now is understood to synthesize and release a wide array of biologically active molecules that influence the function and health of the arteries and surrounding tissues. Among the most important of the endothelial-derived molecules is nitric oxide (NO), a substance that produces marked regional vasodilation in a paracrine fashion. Thus, endothelial dysfunction has come to be broadly defined as any deviation from a healthy endothelial phenotype, and is often associated with a reduction in NO bioavailability [15] .
Considering the apparent role of vascular aging in the sequelae of many CVDs, it is not surprising that the detection and treatment of age-related vascular dysfunction has emerged as an area of significant research interest. Over the past decade, our group has undertaken a series of studies aimed at refining the experimental assessment [16] and treatment of vascular function in various populations, including the elderly [17] [18] [19] [20] [21] [22] [23] . One of the most widely utilized approaches for the determination of endotheliumdependent vasodilation is the flow-mediated dilation (FMD) test. Developed by Celermajer et al. [24] , the ultrasonic assessment of conduit vessel FMD in response to occlusion-induced hyperemia has been established as a reliable, noninvasive measurement of endothelial function that has been documented to correlate with invasively assessed endothelial function in the coronary arteries [25] . Using this methodology, we undertook a study to evaluate FMD in the arm (brachial artery, BA) and leg (popliteal artery, PA) of both young and old healthy subjects in an effort to comprehensively evaluate the limb-specific effects of age on vascular structure and function [26] . The rationale for examining endothelium-dependent vasodilation in a limb-specific manner is based on previous observations that the upper extremities do not always parallel both the structural and functional alterations of the lower extremities that are associated with aging and disease [27, 28] . In this study, we identified a greater FMD in the young compared with the old in both the BA and PA when expressed in traditional terms (% dilation) (Fig. 1, top) , a finding that is consistent with the literature in suggesting attenuated vascular endothelial-dependent vasodilation in older individuals [20, 29] . However, when the limb FMD responses were normalized for the shear rate, the primary stimulus from vasodilation during FMD testing, the old group revealed a preserved FMD in the BA, but not the PA (Fig. 1, bottom) , revealing attenuated endothelial-dependent vasodilation only in the legs with age.
These data in the upper and lower extremities suggest a greater predisposition for leg-specific vascular dysfunction and, therefore, differing susceptibility to vascular disease in anatomically distinct locations. Indeed, the study of Angerer et al. [27] , which investigated the effects of coronary artery disease on FMD in the BA and PA, found an attenuated PA FMD compared with the BA in both patient and age-matched controls, with the greatest reduction in vascular function in the diseased patients. Unfortunately, this clinical study did not evaluate the shear stimulus, thus limiting inference in the context of our limbspecific data [26] . Nevertheless, the present data reveal an intriguing scenario, where FMD in the arm is preserved with age, while the leg reveals a significant age-related attenuation in endothelial-derived vasodilation. It is tempting to speculate that the age-related and limb-specific progression of vascular disease described elsewhere [27, 28] is the consequence of physical stresses over the life span, which are exclusive to the leg vasculature, such as larger hydrostatic and transmural forces, as well as the continued stresses associated with daily locomotion [30, 31] .
While traditional FMD testing has become a gold standard for noninvasive assessment of endothelium-dependent vasodilation, our group has also utilized a progressive handgrip (HG) exercise paradigm to examine BA vasodilatory capacity. Compared with conventional FMD testing, which relies upon a single vasodilatory response to a somewhat complex and dynamically changing shear rate, progressive handgrip exercise evokes multiple stepwise increases in shear rate, resulting in a linear BA vasodilatory response [32] that provides a robust method with which to assess vascular function. Using this approach, we demonstrated a severe age-related impairment in BA vasodilation during rhythmic handgrip exercise, with a[50 % reduction in BA vasodilation in older subjects at the highest exercise intensity (Fig. 2, black symbols) [19] . These data are comparable to data collected in our laboratory and by others who have documented similar age-related reductions in brachial artery FMD [7, 21, 29] .
To examine the mechanism(s) responsible for this observed decrement, a pair of studies were undertaken to explore the contribution of NO to BA vasodilation during progressive handgrip exercise in younger individuals [32] and healthy older subjects [33] . For these pharmacologic studies, subjects performed handgrip exercise before and after the infusion of N G -monomethyl-L -arginine (L-NMMA) directly into the BA for regional inhibition of nitric oxide synthase (NOS). In the young, we observed a 70 % decrement in BA vasodilation following L-NMMA despite similar exercise-induced increases in shear rate, providing clear evidence of NO-dependent vasodilation in this experimental model (Fig. 3, top) [32] . In contrast, an identical dose of L-NMMA only reduced BA vasodilation in the elderly cohort by 30 % (Fig. 3, bottom) [33] . Together, these findings documented a predominantly shear rate-mediated vasodilatory role for NO in the young, but not the old, suggesting that NO-independent mechanisms play a greater role in the vasodilatory response to handgrip-induced BA vasodilation with advancing age. Interestingly, when BA vasodilation was normalized for shear rate in the elderly cohort, a 40 % greater increase in shear rate was required to elicit the same vasodilation in the older subjects compared with the young, supporting the age-related decline in NO-mediated vascular function observed previously [7, 21, 29] .
Building on these studies evaluating endothelium-dependent vasodilation via FMD and HG exercise, our group has developed the passive leg movement (PLM) paradigm as an additional, noninvasive assessment of vascular function in the leg. In contrast to FMD and HG measurements of conduit vessel vasodilation, the PLM test involves continuous movement of the knee joint through a 90-degree range of motion, eliciting an increase in limb blood Fig. 1 Brachial artery (BA) and popliteal artery (PA) flow-mediated dilation (FMD) (top panel) and FMD normalized for shear rate area under the curve (AUC) (bottom panel) in young and old subjects. *Significant difference between BA and PA (P \ 0.05). Significant difference between young and old groups (P \ 0.05). Note the similar BA FMD normalized for shear rate between young and old groups, whereas the same normalization for shear in the PA does not correct the attenuated dilation. Modified from [26] Fig. 2 Change in brachial artery (BA) diameter in young and old subjects at rest and at 3 levels of handgrip exercise after ingestion of the antioxidant cocktail or placebo. Values for % change in BA diameter are not exact and are displayed solely for reference purposes. $ Significant difference between young and old groups (P \ 0.05). *Significant difference between PL and AO conditions (P \ 0.05). Modified from [19] Heart Fail Rev (2017) 22:149-166 151 flow. Using this ''reductionist'' approach, we have evaluated the relative contribution of central (i.e., cardiac output, CO) and peripheral (i.e., leg blood flow) factors contributing to PLM-induced hyperemia in a variety of cohorts. In the elderly, we have completed a series of studies [17, 18, 22] which have collectively identified a marked reduction in PLM-induced hyperemia due to an age-related decline in both central and peripheral responses. With respect to the peripheral vascular response, beatto-beat assessment of leg blood flow during PLM revealed a reduction in both the peak change in blood flow (Fig. 4 , top, black symbols) and the area under the curve (AUC) for the blood flow response (Fig. 4 , bottom, black bars) across the first minute of PLM in the elderly compared to their younger counterparts. Taken together, these findings from FMD, HG, and PLM vascular testing modalities strongly support an age-related decline in peripheral vascular function in the elderly, which may ultimately contribute to the subsequent development of age-related cardiovascular disease, including the clinical syndrome known as heart failure (HF).
Vascular function in HFrEF
Heart disease is the leading cause of death in the USA, accounting for one in every four deaths in 2010 and costing over $300 billion annually in health care, medication, and lost productivity [13] . HF, a syndrome that develops as a consequence of heart disease from multiple etiologies, now affects almost six million Americans [34] , and as this is an age-related disease, it is estimated that this number will Fig. 3 Brachial artery (BA) vasodilation during progressive handgrip exercise in the young (top panel) and old (bottom panel) during control and N Gmonomethyl-L-arginine (l-NMMA) conditions. *Significant difference from rest (P \ 0.05). Significant difference from control (P \ 0.05). Modified from [32, 33] grow to almost 10 million in the next 15 years [35] . Though HFrEF patients present with a host of symptoms related to impaired cardiac contractile function, in recent years attention has turned toward disease-related changes in the periphery that may contribute to HFrEF pathophysiology. With respect to skeletal muscle, a variety of alterations specific to muscle structure and metabolic state, including muscle atrophy, alterations in fiber type, reduced mitochondrial enzymes, and decreased mitochondrial volume density, have all been associated with HFrEF [36] [37] [38] [39] . Though an in-depth discussion of these skeletal muscle maladaptations in HFrEF is beyond the scope of the present discussion, this topic has been the subject of several recent reviews [40] [41] [42] . The skeletal muscle vasculature also appears to be altered as a consequence of the disease. Indeed, it is now well accepted that peripheral endothelial function is impaired in HFrEF patients [43, 44] , which may represent the combined effects of an attenuated CO, reduced levels of physical activity, elevated peripheral vasoconstriction, and neurohormonal activation. Importantly, endothelial dysfunction has been documented in peripheral and coronary arteries in HFrEF patients and is associated with progression of the disease and increased mortality [45] . With the recognition that peripheral vascular dysfunction represents an aspect of HFrEF pathophysiology that is remediable [46] , there is still significant interest in studies examining this component of HF progression.
Using several of the noninvasive vascular tests outlined above, our group has recently undertaken a series of studies to further examine the nature of peripheral endothelial dysfunction in HFrEF patients. Using the FMD test methodology, we documented a clear reduction in FMD in HFrEF patients compared to age-matched, healthy controls [47] , which is in agreement with previous findings [43, 44] and confirms the presence of overt vascular dysfunction in this population. Building on this study, we sought to further characterize lower limb vascular function in this patient group using the PLM technique. As outlined above, PLM provokes an increase in limb blood flow and leg vascular conductance (LVC) that provides an index of NO-mediated vasodilation [48] . However, unlike FMD, PLM directly interrogates the leg, which plays a major role in human locomotion and exercise capacity, and thus this mode of 
To increase clarity of the data presented, only the first 60 s of PLM are displayed. *Significant difference between control and l-NMMA (P \ 0.05). Modified from [18] Heart Fail Rev (2017) 22:149-166 153 assessment is very specific to the challenges of exercise intolerance faced by patients with HF. Furthermore, the PLM test also activates the muscle mechanoreflex, provoking an increase in heart rate (HR) and CO in an attempt to maintain perfusion pressure in the skeletal muscle circulation, and there is evidence from animal models of HF that this reflex may be exaggerated in HFrEF [49] , contributing to exercise intolerance in these patients. Thus, building upon previous studies documenting vascular [43, 44, 47] and autonomic [50, 51] dysfunction in HFrEF, we sought to partition the central and peripheral contributors to movement-induced hyperemia in this patient group utilizing the PLM approach [52] . In this study, we found no evidence for an exaggerated mechanoreflex during PLM in optimally medicated patients with HFrEF. In fact, the HR and CO responses to continuous PLM in patients with HFrEF were attenuated compared to controls. Concomitantly, the patients exhibited a diminished movement-induced leg blood flow response, whether viewed in terms of the peak change in leg blood flow (Fig. 5 , top) or blood flow AUC (Fig. 5 , bottom) that could not be attributed to these central hemodynamic differences, because the rise in arterial blood pressure was similar in both groups in response to PLM. These findings highlight the lack of an exaggerated mechanically induced contribution to the exercise pressor reflex in medicated patients with HFrEF and, despite exhibiting central hemodynamic dysfunction, further demonstrate the presence of a profound peripheral vascular dysfunction in this patient group.
The impact of oxidative stress on vascular function in aging and heart failure
In view of the weight of evidence for impaired vascular function in both normal aging and age-related diseases such as HF, it is not surprising that significant effort has been committed to identifying the pathways responsible for this pathophysiology. Though there are undoubtedly a host of potentially overlapping mechanisms that contribute to generalized vascular dysfunction, one area of ongoing interest in our group and others is oxidative stress. Defined as an excess production of free radicals relative to antioxidant defenses, oxidative stress has been documented to play an important role in both the normal vascular aging process [53] and in the pathogenesis [11] and prognosis [12] of HF. While the functional consequences of oxidative stress are widespread, the vascular endothelium represents an area that is particularly vulnerable to the harmful effects of free radicals due to the interaction with NO. Indeed, following formation and release from the endothelium, the fate of NO is dictated to a large degree by the presence of O 2 -centered free radicals such as superoxide (O 2 -) which bind readily to NO [54] . This ''scavenging'' process reduces the amount of NO available to provoke smooth muscle cell relaxation, resulting in an impairment in NOdependent vasodilation. Inflammation and subsequently elevated oxidative stress has thus been implicated as a major contributor to the reduction in NO bioavailability and development of endothelial dysfunction, a deleterious phenotype that is independently associated with adverse long-term outcomes in both the elderly [14] and HF patients [45] .
One approach for ameliorating oxidative stress and restoring a more favorable oxidant balance is through antioxidant (AO) supplementation. While large-scale clinical trials have failed to demonstrate a beneficial effect of long-term AO consumption on cardiovascular disease morbidity and mortality [55] , smaller, interventional studies focused on acute AO-mediated changes in vascular reactivity have provided more promising results. Infused, supraphysiological doses of vitamin C have been (bottom panel) in controls and heart failure patients with reduced ejection fraction (HFrEF). To increase clarity of the data presented, only the first 60 s of PLM are displayed *Significant difference between control and HFrEF (P \ 0.05). Modified from [52] documented to transiently restore endothelium-dependent vasodilation [7, 56] and skeletal muscle blood flow [57] [58] [59] in the elderly, and BH 4 administration (a cofactor for endothelial NO production) acutely improves endothelial function [60] . However, studies utilizing more practical interventions, such as oral vitamin C at over-the-counter doses, have failed to demonstrate an improvement in agerelated endothelial dysfunction [7] , and few studies have investigated the efficacy of combined AOs on vascular function. Thus, we performed a series of studies designed to fill a void in the clinical literature by administering an oral AO cocktail [vitamin C (1000 mg), vitamin E (600 IU), and a-lipoic acid (600 mg)] to acutely lower plasma free radical concentration and to assess the acute vascular responses to this attenuated oxidative stress in young and older subjects.
Two studies were undertaken to noninvasively evaluate the impact of AO administration on vascular function. In the first study, the HG exercise modality was employed to examine exercise-induced brachial artery vasodilation before and after acute AO administration, and we observed a reversal of the age-related attenuation in brachial artery vasodilation following acute AO consumption (Fig. 2 , white symbols) [19] . Subsequent to this study, we utilized FMD testing to identify an age-related decline in vascular function in the elderly that was readily reversible following AO administration [20] . Indeed, AO consumption acutely improved brachial artery FMD in the elderly to that of their younger counterparts (Fig. 6 ), suggesting that an AO cocktail at modest, enteral doses was sufficient to acutely reverse age-related endothelial dysfunction. Interestingly, in both of these studies, AO administration in the young, healthy cohort proved detrimental to vascular function (Figs. 2, 6 ), revealing an important beneficial role for free radicals under conditions of low oxidative stress. Though a comprehensive discussion regarding the impact of proversus antioxidant influences on vascular function is beyond the scope of this article, readers are referred to several recent reviews on this topic [61] [62] [63] . Importantly, in each of these studies [19, 20] , we utilized electron paramagnetic resonance (EPR) spectroscopy to directly measure plasma free radical concentration, and were thus able to document the efficacy of the AO treatment to acutely reduce blood-borne free radicals. Together, these studies, indicating a profound improvement in endothelial function, extend former investigations documenting the capacity of AOs infused at a high dose to acutely improve endothelium-dependent vasodilation [7, 60, 64] in the elderly, revealing a similar beneficial effect using a typical, over-the-counter combination of AOs available to the general public. These findings thus provided important mechanistic insight regarding the link between endothelial dysfunction and oxidative stress in the elderly, and demonstrate a striking restoration of endothelial function as the consequence of a simple, oral AO intervention.
More recently, we have built upon these studies in the elderly to examine the potential of this AO intervention to acutely disrupt oxidative stress in HFrEF patients. As discussed above, the sequelae of HFrEF includes overt vascular dysfunction, which appears to be the consequence of an attenuated L-arginine-nitric oxide pathway [65] and has been, at least partially, attributed to the increased destruction of NO by free radicals. [66] Indeed, as with aging, previous studies have revealed that elevated levels of free radicals, particularly O 2 -, contribute to decreased NO bioavailability [67, 68] and the subsequent attenuation in endothelial function [69] . Furthermore, AO supplementation has previously restored endothelial function in healthy aged individuals [19, 20] as well as HF patients [70] , presumably by improving NO bioavailability. Thus, we completed a pair of studies to determine whether acute AO administration could attenuate circulating plasma free radical concentration and subsequently improve vascular function in HFrEF patients compared to healthy controls.
In the first study [47] , participants underwent FMD testing before and after acute AO consumption in a protocol identical to the aforementioned studies we have performed in the elderly [20] . Following AO consumption, we documented a marked increase in circulating AO capacity, but the consequence of this intervention on vascular function was less clear, as administration of the AO did not alter the FMD or reactive hyperemia (RH, an index of microvascular function) responses compared with placebo in the HFrEF patients. This was followed up by a study employing HG exercise to Fig. 6 Brachial artery flow-mediated vasodilation (FMD) in young and older subjects following placebo (PL) or antioxidant (AO) administration. In the PL trial, an age-associated decline in FMD was apparent. Following AO consumption, FMD was reduced in young, but improved in the elderly. *Significant difference between young and older groups (P \ 0.05). Significant difference between PL and AO (P \ 0.05). Modified from [20] Heart Fail Rev (2017) 22:149-166 155 more broadly examine the impact of oral AO consumption on arterial blood pressure and indices of both central (i.e., CO and systemic vascular resistance [SVR]) and peripheral (arm blood flow and vascular resistance) hemodynamics in HFrEF patients and age-matched controls [71] . Although AO ingestion significantly increased plasma ascorbate concentration and endogenous AO activity (catalase) in both the patients and controls, only in the patients with HF did this intervention result in a significant hemodynamic response. Specifically, at rest, AO administration resulted in a significant fall in SVR (-12 %) that provoked a significant decrease in mean arterial pressure (MAP) (-5 %) and an increase in CO, responses which were maintained throughout the three stages of HG exercise. The peripheral response to AO administration contrasted starkly with these changes, with no change in either arm blood flow or vascular resistance. These data provide evidence that in HF patients, SVR is, at least in part, mediated by oxidative stress. However, this did not appear to be the result of limb or skeletal musclespecific changes in PVR. Together, these studies [47, 71] have identified a somewhat varied response to AO consumption in HFrEF, which likely reflects the complex and heterogeneous manner in which oxidative stress may impact the circulatory system in this patient group. Whether this AO intervention could prove efficacious in rescuing the decrement in vascular function identified using the PLM model has not been examined, but is certainly a worthy of future investigation.
O 2 delivery and utilization during exercise with age
While the determination of vascular function is invaluable in terms of CVD risk assessment and prognosis in both healthy aging and patient populations such as HF, these resting measurements may not reflect the functional capacity of the vascular system during stressors such as exercise. Indeed, during exercise, numerous cardiovascular, metabolic, and autonomic adjustments take place to ensure the adequate matching of O 2 supply and demand. As blood carries oxygen to the active muscle, skeletal muscle blood flow is a major determinant of O 2 supply and can therefore impact O 2 utilization. Indeed, limited blood flow to active skeletal muscles has been implicated as an important factor that contributes to the decline in exercise capacity associated with the aging process [72] . Such limitations promote a sedentary lifestyle with advancing age, and it is now well established that physical inactivity represents an independent risk factor for many cardiovascular diseases [73] , including HF. Thus, studies seeking to determine the mechanisms responsible for exercise intolerance remain a significant public health priority.
With advancing age, changes occur in both the central and peripheral circulation that can affect compliance in arteries and arterioles, blood pressure, and ultimately alter the vascular response to exercise [74] . Thus, in keeping with the ongoing research interests of our group in the areas of cardiovascular and exercise physiology, we sought to investigate the vascular and metabolic response of the leg muscles during both submaximal and maximal upright cycle exercise in old, sedentary individuals compared to young controls [4] . Our primary hypotheses were that the metabolic cost of work as measured by leg muscle VO 2 would be similar in both groups, but that this would be achieved by a lower submaximal leg blood flow and elevated arterial-venous (a-v) O 2 difference in the old subjects. Results from this study identified a preservation of exercising leg blood flow in sedentary old subjects compared with similarly sedentary young subjects during lower exercise intensities, but a clear decrement as submaximal exercise intensity increased. Muscle VO 2 at the more taxing submaximal exercise intensities was similar to the young subjects, but was achieved in the old subjects by an elevated a-v O 2 difference. However, at maximal effort, O 2 delivery and VO 2max were significantly reduced compared to their younger counterparts. Therefore, it is likely that the limited perfusion of exercising skeletal muscle during moderate to heavy exercise in these old sedentary subjects was directly responsible for the lower VO 2max associated with the aging process.
Though this previous study during upright cycling identified a clear impairment in O 2 delivery, use of this large muscle mass exercise modality leaves open the possibility that both central and peripheral hemodynamics contributed to the age-related reduction in exercising leg blood flow. Thus, an additional protocol was undertaken using the KE exercise modality to study isolated, dynamically exercising skeletal muscle in both young and old subjects, thereby investigating the consequences of aging on leg blood flow without taxing central hemodynamics [75] . Across a range of exercise intensities, we observed a consistently attenuated blood flow in old sedentary subjects when compared with young sedentary subjects with similar quadriceps muscle mass (Fig. 7, top) , which appeared to be dictated by a persistent elevation in leg vascular resistance in the old group (Fig. 7, bottom) . Interestingly, given the initially high level of vascular resistance in the old, the overall reduction in resistance across exercise intensities was actually greater in old than in young, suggesting a preserved ability to vasodilate during exercise with advancing age.
If central hemodynamic limitations were solely responsible for reduced muscle perfusion during exercise in the old, it would be expected that when these central limitations are minimized (as in KE), perfusion in the old subjects should equal that of young subjects at the same work rate. Thus, the finding of a lower leg blood flow even during isolated small muscle mass exercise suggests that in the old subjects, peripheral vascular limitations are responsible for the attenuated muscle blood flow. Together, these studies [4, 75] also emphasize the importance of considering exercise intensity and modality, as the clearest evidence for a peripheral limitation with age was observed at submaximal intensities of KE exercise, while central limitations to O 2 delivery became a significant factor during higher intensity cycling exercise. These findings are in agreement with a growing body of evidence [4, 59, [75] [76] [77] supporting an overall attenuation in skeletal muscle blood flow during exercise with advancing age.
O 2 delivery and utilization during exercise in HFrEF
Debilitating dyspnea and fatigue triggered by exercise are hallmark symptoms of HFrEF, and may be so extreme that the ability to perform everyday tasks become impaired, leading to a significantly compromised quality of life in this patient group [78] . Although central cardiac limitations are the paramount characteristic of HFrEF, impaired cardiac function does not fully explain the degree of exercise intolerance and symptom status in this patient population [79] [80] [81] [82] [83] . This observation has steered studies focusing on exercise limitations in HFrEF toward potentially limiting factors in the periphery. Indeed, a variety of alterations specific to both skeletal muscle (muscle atrophy, fiber type changes, reduced mitochondrial enzymes, decreased mitochondrial volume density) [36] [37] [38] [39] and the vascularskeletal muscle interface (greater sympathetic vasoconstrictor tone, decreased capillarity, and smaller capillary diameter) [84] [85] [86] have all been associated with HF. However, the contribution of these skeletal muscle changes to the limited exercise capacity in HFrEF patients is currently not well understood. Thus, we recently performed a series of studies with the overall goal of examining diseaserelated changes in O 2 delivery during exercise in HFrEF patients in order to better understand the central and peripheral hemodynamic contributions to their exercise intolerance.
The first in this series of studies utilized conventional cycle ergometry and single-leg KE exercise to greatly vary muscle mass recruitment in both HFrEF patients and healthy control subjects in both normoxia and hyperoxia (100 % O 2 ) [87] . With this approach, peak leg VO 2 , normalized for the active muscle mass, was significantly greater during KE exercise (with cardiac reserve) than cycle exercise (without cardiac reserve) in both groups. Likewise, O 2 -enriched breathing increased O 2 availability during both cycle and KE exercise, but this only increased peak leg VO 2 during cycling in HFrEF patients (Fig. 8) . Together, these observations imply that, during wholebody exercise such as cycling, CO and O 2 delivery contributes significantly to the exercise limitation experienced by HFrEF patients. However, this multifaceted research also provides evidence that, despite improvements in peak leg VO 2 afforded by increased O 2 availability, the convective and diffusive components of O 2 transport from blood to skeletal muscle in HFrEF patients are still compromised during KE exercise when compared with wellmatched control subjects, suggestive of a significant role of the peripheral vasculature in this phenomenon.
While this initial study provided new insight regarding disease-related impairments in O 2 delivery during maximal whole-body exercise, it left unanswered the questions of how muscle blood flow is regulated during submaximal exercise intensities, and whether this regulation differs between small muscle mass exercise modalities. Thus, to comprehensively assess the hemodynamic response to small muscle mass exercise in HFrEF patients and healthy age-matched control subjects, a study was recently undertaken that employed exercise paradigms utilizing both Significantly different slope and y-intercept between young and old (P \ 0.05). Modified from [75] Heart Fail Rev (2017) 22:149-166 157 upper (HG exercise) and lower (KE exercise) limbs across a wide range of intensities [88] . During HG exercise, both groups exhibited a similar forearm hyperemic and vasodilatory response during lower intensity [15 % maximal voluntary contraction (MVC)] HG exercise, but HFrEF patients exhibited a 15-25 % attenuation in forearm blood flow at higher intensities (30 and 45 % MVC), due to an impaired vasodilatory capacity. During KE exercise, HFrEF patients exhibited a 20-35 % lower leg blood flow and LVC compared to control subjects, with the most substantial decrements at the highest exercise intensity (15 W) (Fig. 9a) . Together, these findings indicate that HFrEF patients exhibit a severely compromised ability to vasodilate vasculature of both the upper and lower limbs, restricting exercising skeletal muscle perfusion and likely limiting exercise capacity in this patient group. Interestingly, this observed reduction in leg blood flow during KE exercise in HFrEF patients appears to differ based on pharmacotherapy. Indeed, in a separate group of HFrEF patients with somewhat differing medications and in whom beta-blockers were withheld 48 h prior to study, we observed that exercising leg blood flow and VO 2 were not diminished during multiple submaximal upright cycling and KE exercise intensities compared to healthy, agematched controls [89] (Fig. 9b) . The ability of betablockade to acutely reduce leg blood flow during KE exercise has been reported in young, healthy individuals [90] , supporting the importance of this pathway in the regulation of muscle blood flow during exercise. These divergent results using almost identical methodologies not only highlight the importance of carefully considering background pharmacotherapy in this highly medicated patient group, but may also suggest that beta-blockade contributes to reduced O 2 delivery during exercise in this patient group. Fortunately, potential disease-related impairments in skeletal muscle convective and diffusive O 2 transport may be remediable. Indeed, it is now widely recognized that regular exercise in HFrEF patients improves quality of life and reduces symptoms, hospitalization, disability, and even, perhaps, mortality [91] [92] [93] . Traditionally, this attenuated exercise capacity has been attributed predominantly to the central hemodynamic limitations associated with the failing cardiac pump, but it is now evident that peripheral factors also contribute to this exercise limitation, as first highlighted by the work of Poole and Musch in a rat model of HF [94] and later confirmed in humans [87] . However, the mechanisms responsible for training-induced adaptations are less well known, due, it could be argued, at least in part to the use of whole-body exercise training regimens. Specifically, while whole-body cycle training has consistently yielded significant improvements in exercise capacity in HFrEF patients [92] , because whole-body exercise induces a complex interaction between central hemodynamic and peripheral responses, such an approach leaves doubt as to the role of central and peripheral hemodynamic adaptations in response to exercise training.
Thus, to isolate the peripheral training-induced effects, we performed a study that sought to determine the physiological mechanisms responsible for the anticipated improvement in whole-body exercise capacity following 8 weeks of small muscle mass KE exercise training (3 times/week, varied intensity, with overall intensity progressively increased based upon biweekly assessments, 50 min/session/leg) in HFrEF patients [95] . As anticipated, this small muscle mass exercise training had no effect on maximal CO, because this exercise training paradigm only minimally stresses the heart and was therefore appeared not to have stimulated central hemodynamic adaptations. In contrast, there were a multitude of significant peripheral structural and functional adaptations that contributed to improved patient exercise capacity, both during maximal small muscle mass and cycling exercise. Specifically, in addition to significant training-induced muscle morphometric changes, both convective and diffusive O 2 transport Fig. 8 Effect of hyperoxia (100 % oxygen) on peak leg VO 2 assessed at maximal cycle (a) and knee extensor (KE) exercise (b) in heart failure patients with reduced ejection fraction (HFrEF) (n = 12) and control subjects (n = 8). Control data have been normalized to 100 % as a point of reference for the data collected in the HFrEF patients. Reproduced with permission from [87] were increased at maximal KE and cycle exercise, yielding a significant increase in VO 2peak in each scenario (Fig. 10) . These peripheral structural and O 2 transport improvements, without a change in CO, provided evidence of significant peripheral vascular and metabolic plasticity in HFrEF patients that can be developed in isolation with small muscle mass training and then harnessed to the benefit of whole-body exercise capacity. Additionally, these findings highlight the importance of skeletal muscle-specific adaptations in patients with HF allowing the contributions of these peripheral factors to be partitioned, perhaps guiding future clinical interventions aimed at improving exercise intolerance.
While compromised central hemodynamics are the hallmark of HF, the notion that peripheral dysfunction exacerbates these central hemodynamic abnormalities, the so-called muscle hypothesis of HF [96] , has been increasingly recognized [49, [97] [98] [99] . Specifically, the exercise pressor reflex (EPR) has been reported to be upregulated in both animal models of HF [100] and in patients with HF [101, 102] , leading to excessive increases in HR, ventilation (V E ), sympathetic nerve activity, and arterial blood pressure. The sensitization of this reflex has the potential to result in greater exertional dyspnea and increased cardiac afterload, exaggerating myocardial work, reducing exercise tolerance, and subsequently enhancing disease progression due to inactivity.
To further examine the role of the EPR in HF, our group has undertaken a series of studies utilizing intrathecal injection of the l-opioid receptor agonist fentanyl to transiently and partially inhibit the afferent arm of this reflex, providing the opportunity to examine signaling via the thinly myelinated ''mechanosensitive'' group III afferents and/or the unmyelinated ''metabosensitive'' group IV afferents. Using this pharmacologic technique in combination with the KE exercise modality, we undertook a study to evaluate the impact of sympathoexcitation mediated by group III/IV afferents on O 2 delivery and skeletal muscle fatigue in HFrEF patients and healthy, agematched controls [103] . Following fentanyl injection, norepinephrine spillover was lower during exercise in the HFrEF patients, which was associated with an increase in leg blood flow (Fig. 11, top) and LVC (Fig. 11, bottom) across exercise intensities. Given the established relationship between O 2 delivery and muscle fatigue [104] , this improvement likely contributed to the observed 30 % attenuation in the end-exercise quadriceps fatigue and reduced effort perception in these conditions. Interestingly, this study also revealed that group III/IV muscle afferents contribute substantially to the exercise-induced cardiac response in patients with HF. Perhaps most importantly, however, this study documents that such feedback, previously determined to be overactive in HF, appears to result in an excessive sympathetically mediated restraint of leg blood flow during exercise in these patients. This attenuation of leg blood flow and the associated reduction in O 2 delivery and uptake likely contribute to the compromised fatigue resistance and associated exercise intolerance which characterize this population.
While this study during volitional exercise provided an integrative physiological model in which to better understand the role of the EPR in HF, it was not possible to determine the independent contribution of mechanosensitive and metabosensitive afferent signals to the overall cardiovascular response. This may be an important distinction, particularly considering that the nature of diseaserelated changes in the afferent aspects of the EPR remains a topic of ongoing debate [105, 106] . Indeed, there is evidence for both exaggerated [107] [108] [109] [110] and similar [106, [111] [112] [113] [114] reflex increases in arterial blood pressure [88] and [89] Heart Fail Rev (2017) 22:149-166 159 during metaboreflex activation in human HF, and a large body of literature from animal models of HF suggests that an enhanced mechanoreflex is the likely factor mediating the sensitization of the EPR in this population [49] . Thus, to elucidate the role of mechanosensitive muscle afferents, we performed the PLM test on HFrEF patients before and after fentanyl administration as a method by which to isolate the muscle mechanoreflex [115] . During PLM, pharmacological blunting of afferent feedback with fentanyl had no effect on central hemodynamics or pulmonary ventilation, but significantly improved the peripheral hemodynamic response. Indeed, the partial blockade of afferent signaling increased the peak PLM-induced change in leg blood flow (Fig. 12) , while norepinephrine spillover and retrograde leg blood flow, two indicators of sympathetic nervous system activity, tended to be reduced (P \ 0.10). Additionally, fentanyl administration resulted in greater PLM-induced increases in muscle oxygenation, suggestive of increased microvascular perfusion. These findings suggest that, under normal conditions, in patients with HF, a heightened mechanoreflex augments peripheral sympathetic vasoconstriction, a phenomenon that may confound existing central hemodynamic abnormalities, further contributing to exercise intolerance in this patient population.
The impact of oxidative stress on O 2 delivery and utilization in aging and heart failure In contrast to the documented impact of oxidative stress on endothelium-dependent vasodilation, much less is known about how redox balance influences the dynamic process of O 2 delivery and utilization during exercise. Muscle, itself, has been commonly implicated as the main site of free radical production during elevated muscle metabolism such as exercise. However, free radicals are also generated by various oxidases that are not directly linked to the muscle mitochondria (e.g., xanthine oxidase, NAD(P)H oxidases), but are tightly coupled with exercise and the concomitant increase in blood flow-induced shear stress. The degree to which each of these potential sources of free radicals contributes to the elevated oxidative stress associated with exercise is not yet well understood. What is well accepted is that the rapid changes in redox state of skeletal muscle associated with exercise offer a unique scenario that affords the opportunity to study the mechanisms and impact of elevated free radical generation. While some direct measurements in animals and the use of putative manifestations of oxidative stress have established much about the species, source, and compartmentalization of free radicals during muscle contraction [116] [117] [118] , direct evidence of increased rates of free radical production during exercise in humans is still scarce. Thus, we utilized electron paramagnetic resonance spectroscopy to directly quantify plasma free radical concentrations in the skeletal muscle arterial and venous vasculature during multiple levels of KE exercise in young, healthy subjects [119] . With this approach, we observed a progressive increase in the net outflow of a-phenyl-tert-butylnitrone (PBN) adducts in addition to lipid hydroperoxides (LH) during increasing intensities of KE exercise, findings that are consistent with the generation of secondary, lipid-derived O 2 -centered alkoxyl radicals. This study thus provided direct evidence for an incremental increase in free radical outflow across a functionally isolated and energetically active skeletal muscle bed, providing important proof of Fig. 10 A comparison of oxygen transport and utilization parameters assessed at maximal cycle (top panel) and knee extensor exercise (KE) (bottom panel) both before and after KE training in heart failure patients with reduced ejection fraction (HFrEF) (n = 5) normalized to values from healthy controls (n = 8). Leg _ VO 2 , one-leg O 2 uptake; _ QO 2 , one-leg O 2 delivery; CaO 2 -CvO 2 , arterial-venous O 2 content difference. Reproduced with permission from [95] concept that oxidative stress could potentially be an important player in the regulation of skeletal muscle blood flow during exercise.
This study, identifying elevated free radical formation during exercise, raised the question of whether this change in redox balance during exercise is actually detrimental to O 2 delivery in populations associated with elevated oxidative stress, such as the elderly and patients with HF, and if so, whether acute AO consumption could mitigate the attenuated exercise-induced hyperemia in these populations. With respect to age, Dinenno et al. recently identified the ability of acute AO administration, accomplished through both intravenous [59] and oral [120] ascorbic acid consumption, to increase forearm blood flow and VO 2 during HG exercise in the elderly. While these studies convincingly identified the ability of AO treatment to improve O 2 delivery, it is noteworthy that indirect markers of oxidative stress remained unchanged following AO administration in these studies, leaving some uncertainty regarding the mechanisms responsible for the improved local vasodilation. Building on this previous work in the forearm, we have recently examined the impact of oral AO consumption on leg blood flow and VO 2 during KE exercise in COPD patients compared to healthy, age-matched controls [121] . Surprisingly, AO consumption did not improve O 2 delivery or utilization during any level of KE exercise in the old control group, despite the known efficacy of this treatment to acutely reduce plasma free radical concentration at rest and during exercise in the elderly [122] . Additional studies coupling electron paramagnetic resonance determination of plasma free radical concentration with assessments of blood flow and VO 2 across multiple exercise modalities are clearly needed to clarify the Fig. 11 Hemodynamic responses to inhibition of group III/IV skeletal muscle afferent feedback, achieved via intrathecal injection of the lopioid agonist fentanyl, at rest and during KE exercise in heart failure patients with reduced ejection fraction (HFrEF) (left panels) and healthy controls (right panels). *Significant difference between control and fentanyl trials, P \ 0.05. Modified from [103] Fig. 12 Passive limb movement (PLM)-induced changes in leg blood flow during before and following intra-thecal fentanyl administration in heart failure patients with reduced ejection fraction (HFrEF). Dashed line indicates the start of leg movement. AUC area under the curve. *Significant difference between control and fentanyl trials, P \ 0.05. Modified from [115] Heart Fail Rev (2017) 22:149-166 161 role of oxidative stress on O 2 delivery and utilization with advancing age. Despite these divergent findings in the elderly, given the marked elevation in oxidative stress [70, 123] and accompanying reduction in O 2 delivery [88] that has been reported during exercise in HFrEF, it seems plausible that this patient group would be well positioned to benefit from AO administration. Using L-NMMA to inhibit eNOS, Katz et al. [124] failed to identify a change in exercise hyperemia during handgrip exercise between eNOS and placebo trials in class II-III HF patients, suggesting that the NO-mediated regulation of exercising forearm blood flow is impaired in this cohort. As discussed above, based on these earlier observations [88] , we examined forearm blood flow during multiple levels of handgrip exercise before and after AO consumption in HFrEF patients and age-matched controls to determine whether disruptions in oxidative stress could ''rescue'' impaired O 2 delivery in the patient group. Contrary to our hypothesis, there were no differences in forearm blood flow as a consequence of AO administration, though it is noteworthy that the patient group did not exhibit a clear decrement in blood flow compared to age-matched controls in this study [71] . To our knowledge, there have been no studies to date that have examined the impact of acute AO consumption on O 2 delivery during lower limb exercise in HFrEF patients, and this represents yet another area that is worthy of additional study.
Summary
As the single greatest risk factor for developing HF is advancing age, it is perhaps not surprising that studies in both healthy elderly individuals and HFrEF patients have separately identified impairments in peripheral vascular function, O 2 delivery and utilization, and exercise tolerance, which in some instances appear to be a consequence of altered redox balance. However, as highlighted in this review, despite this potential synergistic effect of aging and HFrEF, there are still some clear physiological differences, again some related to free radicals and oxidative stress, that may help to guide our efforts to develop clinically relevant interventions that can benefit patients with HFrEF.
